ABSTRACT: This study assessed the role of picocyanobacterial photosynthesis in the induction of calcite precipitation.
INTRODUCTION
Recent studies have shown that there is a relationship between picocyanobacteria and calcite precipitation in both freshwater and marine systems (Thompson et al., 1997) . Peaks of calcite concentration have been explained by the activity of autotrophic picoplankton (APP) in oligotrophic hard water bodies . After studying several lakes and parts of some oceans, Weisse (1993) observed that APP dominate the total phytoplankton production and biomass. Due to their small size, APP have the highest surface area to volume ratio of any group of living organisms and this, together with the presence of charged chemical groups on their cell surface, is responsible for their potent mineraladsorption and heterogeneous nucleation ability (Douglas and Beveridge, 1998) . Riding (2000) reported that both heterotrophic and autotrophic bacteria are known to precipitate calcite in freshwater environments. Generally, previous research indicates that calcification by microalgae depends primarily on CO 2 uptake while cyanobacterial calcification may also rely on bicarbonate uptake. Several propositions have been put forward for freshwater bacteria and algae: McConnaughey (1989) suggested that the primary source of inorganic carbon involved in calcification is CO 2 ; Thompson and Ferris (1990) presented a mechanism for CaCO 3 precipitation by the picocyanobacteria Synechococcus. They argued that these freshwater bacteria use HCO 3 -as a primary source of inorganic carbon. Merz-Preiss (2000) presented a model similar to Thompson and Ferris (1990) for calcification by freshwater cyanobacterium Scytonema. Results of biomineralization experiments with unicellular green algae Nannochalis atomus (Yates, 1996) were consistent with the model presented by McConnaughey (1989) . The results of these experiments indicated that intracellular Ca 2+ was incorporated into intracellular CaCO 3 . Despite several modeling and experimental studies on mechanisms for calcite biomineralization, it is still not possible to clearly state the contributions of the proposed mechanisms especially in picocyanobacteria (McCannaughey, 1989; Thompson and Ferris, 1990; Merz and Zankl, 1993; Yates, 1996) . There are three mechanisms which are supposed to be responsible for calcium carbonate mineralization by picoplankton:
• biologically induced precipitation due to a change of the chemical environment near the cell wall because of photosynthesis; • biologically controlled biomineralization where the cell surface acts as a nucleation site, and;
• biologically governed process where active ion exchange processes of the cells lead to CaCO 3 formation. This study assesses the role of picocyanobacterial photosynthesis in inducing calcite precipitation. The study focuses on the biologically induced precipitation due to a change of the chemical environment near the cell wall because of photosynthesis. 
MATERIAL AND METHODS

Precipitation experiments
Precipitation experiments were carried out using four simultaneously running reaction vessels (750 mL fivenecked flasks). These vessels were placed in a thermostatically (Colora K3 DS) operated water bath in front of a full spectrum fluorescent tube (Phillips TLD 58W/950CE) emitting a total radiance of 13 µ/Em 2/ s 1 at a colour temperature of 5400 K (Colour temperature means the temperature of an ideal black body radiator at which the colour of a light source and the black body are identical. Colour temperatures are normally expressed in kelvins (K (Fluka Inc.) . These membranes consist mainly of ion selective ligands. The solutions were prepared to represent two different setups: one in which photosynthesis was inhibited using Diuron (a herbicide) and the other one in which photosynthesis was operational. All chemicals were p.a. grade from Fluka Inc., Switzerland, unless otherwise stated. Bicarbonate solutions were prepared by the addition of 630.08 mg of sodium bicarbonate, puris p.a. (Fluka 71628) to five L of nanopure water to give a 1.5mM bicarbonate solution. 700 mL of this solution was poured into each of the four 750 mL reaction vessels. In order to equilibrate the sodium bicarbonate solution with atmospheric conditions, the solution was bubbled with CO 2 (504 ppm) through syringe needles before CaCl 2 solution was added. Stock solutions of CaCl 2 were prepared by adding calcium chloride dihydrate puris p.a. (Fluka 21101) to nanopure water. The amount of CaCl 2 that was added to the 750 mL reactors was calculated based on the required saturation states with respect to calcite. The saturation indices were between 4.5 and 7.5. A similar approach, using one reactor, has successfully been used by . A computer program called PHREEQC Interactive (Version 2.7.1 (2)) was used to calculate the supersaturations and the equilibrium concentrations of the species in solution were obtained by using the Lawrence Livermore National Library (LLNL) database. Synechococcus cell suspensions, a unicellular freshwater strain of approximately 0.5 µm (PCC 7942 Pasteur Institute, Paris, France), were grown in a 2.5 L chemostat using Z/10 culture medium. The cells were then recovered by centrifuging the cell suspensions three times at 2000rpm for 20 min using Eppendorf centrifuge (5804 R having a Y025 rotor) at 20 ºC. The supernatant was removed leaving approximately 5 mL of concentrated cells in suspension. The cells were also washed three times in nanopure water. Then, the living cells (as shown by microscopic investigation) were added to the reactors to start the precipitation experiments. The number of cells in each reaction vessel was established as follows: An aliquot of approximately 5 mL of the solution was passed through a 0.2 µm polycarbonate black nucleophore filter. Synechococcus cells were counted by examining the filters under an epifluorescence microscope (Zeiss Axiolab), mounted with a Neofluar 100X objective, Optivar 1.6X and E-PI 10X Ocular with a total magnification of 1600X. On each filter, 300 to 400 cells were counted.
Analysis of the calcite precipitates
At the end of the experiments, 2 mL aliquots of the solution from each of the four reaction vessels were filtered through 0.2 µm nucleophore polycarbonate filters in millipore-swinnex filter cartridges. These filters were washed with 2 mL nanopure water to remove all soluble salts. Then the filters containing the residue were vacuum-filtered until completely dry and were stored in petri dishes at 4 ºC. The dry filters were mounted onto aluminium stubs in order to analyse the morphology of the calcite crystals. These stubs were sputter-coated with a thin layer of platinum prior to viewing. The morphology of the calcite precipitates was characterised by scanning electron microscopy (SEM, Phillips XL30, LaB 6 filament).
RESULTS AND DISCUSSION
Analysis of the precipitation experiments
Six experiments were run to determine the calcium concentrations at which precipitation would occur without blocking photosynthesis. After establishing the required calcium concentrations, two sets of experiments were run to investigate the effect of blocking photosynthesis on calcite precipitation. In both cases, equilibration with an artificial atmosphere resulted in an increase in pH values from around 7.8 to 8.2 within 10 h. This was the maximum pH which remained constant until precipitation took place. (Yates, 1996) , the effects of cellular stress due to changing environmental conditions remain to be examined. However, the absence of precipitation below pH 7.9 should emphasize the role of cellular metabolism in the process of calcite precipitation. The use of Ca 2+ , CO 3 2-and pH electrodes during the experiments proved to be an effective way to monitor calcite precipitation reactions. Precipitation experiments followed three steps of induction, precipitation process and aftermath. This was similar to the observations made by Hartley et al. (1995) . The lengths of the various stages were also comparable to studies by Obst et al. (2002) and . Initial saturations were not higher than those found in natural environments (Stabel, 1986) ; therefore, the results from this study may be applicable to natural water bodies. The addition of equal amounts of cells to the precipitation reactors ensured comparable photosynthetic rates in the reactors and therefore the length of induction times only depended on the saturation of the solutions. Schultze-Lam et al. (1992) , indicated that precipitation of calcite and the subsequent shedding off of the calcified cell wall are actually important for the Synechococcus cells as they help them to escape the suicidal effect of their own metabolism. Several authors have argued that the induction of calcite precipitation is caused by the metabolic uptake of HCO 3 - (Ferrer et al., 1988; Erlich, 1998; Thompson and Ferris, 1990; Hammes and Verstraete, 2002; Rivadenerya et al., 1994; Dittrich and Obst, 2004) . The authors have suggested that during photosynthesis, HCO 3 -is transported through the membrane and dissociates within the cell into CO 2 and OH -(this equilibrium may be shifted further towards CO 2 and OH -by the enzymatic action of Carbonic anhydrase). CO 2 is removed from the equilibrium by photosynthesis, leaving excess OH -. The excess OH-is pumped out of the cell through the cell membrane where it causes a rise in pH in the outer membrane of the cell. The rise in pH causes the carbonic acid equilibrium to shift towards an increase in [CO 3 2-] resulting into a very sharp, local increase in CaCO 3 oversaturation. If very high saturation indices are reached, nucleation will take place close to the cell after which crystal growth continues (Lowenstam and Wiener, 1989) . Thompson et al. (1997) , showed that only light exposed and consequently photosynthesizing cells are able to induce calcite precipitation. Yates and Robbins Synechococcus and Calcite precipitation (1999) presented the induction of calcite precipitation by picocyanobacteria using the model in Fig. 1 . Electron transport in photosynthesis can be inhibited in the presence of certain compounds that act as herbicides. These compounds are usually structural analogues of the mobile electron carrier in photosynthesis called Q B , a nonpolar plastoquinone. These analogues, such as Diuron (3-(3,4-dichlorophenyl)-1,1dimethyl urea), inhibit electron transport by blocking the binding site of Q B on photosystem II. Diuron inhibits both the photosynthetic oxygen evolution and the reduction of the terminal electron acceptor, NADP+, which finally turns off the reductive pentose phosphate cycle (Werner et al., 2002) . It was, therefore, expected during the study that Diuron would inhibit photosystem II in Synechococcus cells but it would allow photosystem I to operate. The blocking of photosystem II helped to determine whether the uptake of HCO 3 -by the cells during photosynthesis leads to calcite nucleation. Comparison of experiments in which photosynthesis was blocked with those in which photosynthesis was operational showed that calcite nucleation occurred earlier (shorter induction times) in experiments in which photosynthesis was blocked (Fig.  3) . The blocking of photosystem II by 1µm Diuron favoured calcite precipitation. While calcite may be linked to Synechococcus cells, these results indicate that alteration of the microenvironment around the cells due to the photosynthetic uptake of HCO 3 -does not play an important role in the process. It is concluded, therefore, that photosynthesis does not directly influence the nucleation of calcite at the surface of Synechococcus cells with sufficient supply of CO 2, i.e. cells took up CO 2 and not HCO 3 -. It may be inferred that the main Fig. 1 : Theoretical model for calcite precipitation induced by picocyanobacteria from Yates, 1999 mechanism for picocyanobacterial calcite precipitation may either be a biologically controlled process in which the cell surface acts as a nucleation site or it might be through an enzymatically driven process that is not negatively affected by Diuron. These results differ from earlier propositions (Stipp, 1999; Thompson et al., 1997) that bicarbonate uptake by photosynthesis releases OH -ions which are responsible for local pH rise in the microenvironment leading to calcite precipitation by APP. As APP stands for a very large group of organisms, the earlier postulations may be true for some species but not for Synechoccoccus strain PCC 7942. Literature shows that few studies have been done on the cell membranes or the microenvironment of Synechococcus cells (Erez, 1983; Farquhar et al., 1989; Arakaki and Mucci, 1995; Lotter et al., 1997; Douglas and Beveridge, 1998; House, 1999) hence biological induction of calcite precipitation may still be debatable. It may be possible that the cell wall of the Synechococcus may produce extracellular polymeric substances (EPS), which may be responsible for changing the environments of the cells leading to induction of calcite precipitation (compare Kawaguchi and Decho, 2002) . For both sets of experiments (with and without Diuron) and within the saturation values of 6.1, 6.3, 6.5 and 7.4, the induction time for calcite precipitation was shortest at a saturation of 6.3. This appears to be the best saturation value for calcite precipitation by Synechococcus at an alkalinity of 1.5 mM and at 504 ppm CO 2 . Due to the few experiments conducted the present correlation can only serve as a trend and more studies need to be done to verify the current observations. Crystal morphology Due to some technical problems, it was only possible to analyse filters from the precipitation experiments in which Diuron was not added. Consequently no comparisons are made of the morphology of the crystals from the two sets of experiments. SEM analysis of filters from the precipitation experiments revealed calcite crystals with length ranging from 500 nm up to 5µm. They had well-developed rhombohedral morphology and in most cases they also had sharp but cracked edges. Some filters showed some fine grains of calcite on the cell walls of Synechococcus cells indicating an early stage of nucleation with the cell wall acting as a template for nucleation as shown in Fig. 3 (compare Schultze-Lam et al., 1992) . The faces of the larger crystals showed hollow, rod-like impressions and on the basis of shape and size, it was inferred that these were the spaces housed by the Synechococcus cells when they interfered with crystal growth (Fig. 4) . The hollow impressions on calcite underline the involvement of cells in crystal formation. The crystals had smooth rhombohedral side face very similar to those obtained by Obst et al. (2002) . The biological origin of calcite was clearly highlighted by the SEM observations as the crystals were seen forming around a network of Synechococcus cells. The SEM observations, therefore, confirm that Synechococcus cells are involved in calcite precipitation and as such the SEM is a vital tool for establishing the behaviour of picocyanobacterial calcite precipitation.
CONCLUSION
It is concluded that photosynthesis does not directly influence the nucleation of calcite at the surface of The results show that cells of Synechococcus strain PCC 7942 are involved in calcite precipitation but alteration of the microenvironment of cells due to photosynthesis did not show any enhancement of calcite precipitation. Th us a dir ect chemical lin kage between photoassimilation of HCO 3 -and picocyanobacterial calcite precipitation seems unlikely. The induction times for exper iments in which blocked photosynthesis were actually shorter than those in which photosynthesis was operational. This is because the precipitation reaction was slightly accelerated by photosynthetic uptake of CO 2. . Pictures from Scanning Electron Microscopy indicate that there is involvement of the cell walls of Synechococcus strain PCC 7942 in calcite nucleation. Further research needs to focus more on biologically controlled biomineralization where the cell surface acts as a nucleation site and on biologically governed process where active ion exchange processes of the cells lead to CaCO 3 formation. 
